When human intestinal Caco-2 epithelial cells are cultured within the Gut-on-a-Chip microfl uidic device under physiological conditions including peristalsis-like motions and fl ow, they spontaneously regenerate intestinal villi containing basal proliferative crypts, diff erentiate into multiple intestinal cell lineages, and reconstitute many features of normal small intestine physiology.
Introduction
Animal models often fail to predict human physiological responses to orally delivered drugs 1 and poorly mimic drug-drug interactions. 2 For this reason, there is great interest in developing models that recapitulate the complex functions of human intestine in vitro. 3, 4 Established lines of human intestinal epithelial cells, such as Caco-2 cells that were originally isolated from a human intestinal tumor, have been used to study gut absorption and metabolism in vitro by culturing these cells on standard plastic dishes or Transwell inserts 5, 6 as well as in microfluidic devices. [7] [8] [9] [10] While these cultures develop an epithelial barrier to molecular transport, the cells take on non-physiological squamous epithelial forms (i.e. rather than the columnar shapes observed in vivo), and fail to reproduce most of the differentiated organ-specific properties of living intestine. One major factor that is missing in conventional culture models is the lack of the natural mechanical microenvironment of the normal gut that experiences trickling fluid flow as well as cyclic peristaltic motions. [11] [12] [13] [14] To explore the importance of these physical factors, we recently developed a human 'Gut-on-a-Chip' in which Caco-2 intestinal epithelial cells are cultured within microfluidic channels of a clear, flexible, polydimethylsiloxane (PDMS) device created with microchip manufacturing that permits application of fluid flow as well as cyclic mechanical strain at levels similar to those experienced by epithelial cells in living intestine. 13 Using this device, we showed that Caco-2 cells immediately polarize, differentiate into a columnar epithelium, and spontaneously form undulating structures that were reminiscent of intestinal villi. Here we explore this response in greater detail, and show that although we utilized tumor-derived Caco-2 cells, these undulating structures are indeed well-developed intestinal villi containing basal proliferative crypts, as well as the four main types of differentiated epithelial cells of the small intestine (absorptive, mucus-secretory, enteroendocrine, and Paneth) positioned normally along the crypt-villus axis. In addition, this mechanically active, microengineered intestinal epithelium also more closely recapitulates normal intestinal physiology, as measured by increased CYP3A4 activity, more efficient glucose reuptake, and mucus production than static Caco-2 cultures used in the past, and thus, it should have great value for drug development and digestive disease research.
Results and discussion

Intestinal villi formation in vitro
To study intestinal histodifferentiation in vitro, we cultured human Caco-2 intestinal epithelial cells within a microchannel of a Gut-ona-Chip microdevice ( Fig. 1 ) that was microfabricated as described previously. 13 Briefly, the basic design of the clear silicone rubber (PDMS) microdevice incorporates two layers of parallel microchannels (1 mm wide Â 10 mm long Â 0.15 mm high) separated by a porous PDMS membrane (10 mm pores separated by 25 mm spacing); the membrane was coated with a mixture of extracellular matrix (ECM) proteins (collagen I : matrigel; 1 : 1 v/v) before cell seeding. To establish a confluent monolayer, the cells were plated (1.5 Â 10 5 cells cm
À2
) on the upper surface of the ECM-coated porous membrane and cultured for 3 days under constant flow of culture medium (30 mL h À1 , corresponding to a shear stress of 0.02 dyne cm À2 ) through both upper and lower channels in the presence of cyclic mechanical strain (10%, 0.15 Hz) to mimic the mechanically active microenvironment of living intestine.
When Caco-2 cells were cultured in this microdevice in a previous study, we observed that the cells formed an undulating epithelium with a morphology reminiscent of intestinal villi. In the present study, we set out to determine the degree to which these structures recapitulate intestinal villus differentiation and function. More thorough analysis of these cultures using phase contrast imaging confirmed that when the Caco-2 cells are cultured in this mechanically active microdevice, they first form a planar epithelium over the first 2 days of culture that spontaneously transforms into an undulating 3D epithelial structure over the following 1 to 2 days (Fig. 1A) . The formation of basal crypts and vertically-extending villus structures were even more evident in 3D fluorescence microscopic reconstructions of Z-stacked images of cells stained for nuclei, F-actin, and mucin 2 (Fig. 1B, left) . Analysis using scanning electron microscopy (SEM) also confirmed the presence of villi (Fig. 1B, center) lined by tightly packed epithelial cells with what appeared to be apical microvilli forming brush borders (Fig. 1B, center, right) , when analyzed at higher magnification. In addition, immunofluorescence staining showed that the Caco-2 cells that lined these villi formed well defined tight junctions at their intercellular boundaries along their apical surfaces, when viewed either in cross section (Fig. 1C , top) or in an en face section through the tip of the villus (Fig. 1C , bottom left); they also displayed high concentrations of F-actin in the region of their apical brush border, which was clearly evident in a horizontal cross section view (Fig. 1C, bottom right) .
The cells of the Caco-2 line behave like absorptive enterocytes, 15, 16 and form a continuous, planar epithelial monolayer in Transwell inserts after 3 weeks of culture (Fig. S1 , ESI ‡), as previously observed. 6 In contrast, the Caco-2 cell monolayer spontaneously initiated villus morphogenesis and formed 3D undulating structures in the Gut-on-a-Chip ( Fig. 1 ) when cultured in the presence of a low level of fluid flow (30 mL h
À1
) in both top and bottom channels and cyclic strain that mimics the physical microenvironment experienced by living intestine cells.
Regeneration of basal proliferative crypts
Next, we investigated if these undulating structures formed by Caco-2 cells in the Gut-on-a-Chip exhibit more complex specialized features of human intestinal villi. In the living intestine, rapidly proliferating cells produced by self-renewing stem cells localize within basal crypts between adjacent villi, and their progeny continuously migrate upward along the crypt-villus tip axis to populate the villus with specialized cell types. 17 We therefore set out to determine whether the villus-like undulating epithelium formed by the Caco-2 cells in the Gut-on-a-Chip regenerate basal proliferative crypts in vitro. When the Caco-2 villi in the Gut-on-aChip were pulsed for 2 h with EdU (5-ethynyl-2 0 -deoxyuridine) to label newly synthesized DNA, almost all of the proliferative cells that exhibited nuclear EdU staining were confined to the basal crypt-like regions between adjacent villi, whereas the villi themselves were largely free of labeled cells ( Fig. 2A, 2 h) . Moreover, when the EdU was then washed out and cells were cultured for 5 additional hours while experiencing peristalsis-like motions and fluid flow, the labeled cells were observed to migrate upward along the sides of the villi ( Fig. 2A) , just as they do in living intestine. 18 Quantitation of the distance migrated from the crypts at 2, 7 and 22 hours confirmed that there was a progressive and statistically significant (p o 0.001) increase in vertical movement of the cells along the crypt-villus axis under these conditions (Fig. 2B ). The intensity of the cellular EdU staining also decreased progressively from the crypt to the tip of the villus, as expected from dilution of the EdU label due to progressive cell divisions (Fig. S2 , ESI ‡). Thus, much like in living intestine, proliferative Caco-2 cells become spatially restricted to the basal crypt niche in the Gut-on-a-Chip, where they generate daughter cells that migrate upward to populate the villus formed in vitro in the device.
Reconstitution of multiple differentiated intestinal cell types
The human small intestine contains four major types of intestinal epithelial cells -absorptive, mucus-secretory, enteroendocrine, and Paneth cells. 19 To determine the distribution of epithelial cell types in the Caco-2 villi, we used antibodies to sucrase-isomaltase (SI), 20, 21 chromogranin A (CHGA), 22 and lysozyme 23 in combination with immunofluorescence microscopy to visualize absorptive, enteroendocrine, and Paneth cells, respectively; mucus-secreting Goblet cells were identified using antibodies against three different proteins, mucin 2 (MUC2), 24 mucin 3 (MUC3), 25 and mucin 17 (MUC17). 26 Based on use of these markers, we found that the absorptive cells, enteroendocrine and Goblet cells produced by differentiation of the Caco-2 cells in the Gut-on-a-Chip localized preferentially in the villus regions, whereas the Paneth cells preferentially localized to the crypt region ( Fig. 3A and B) . While most of the villus cells appeared to be absorptive cells, only a small number of these cells produced any of the mucin isoforms analyzed (Fig. 3A) , which is consistent with observation that goblet cells only represent about 10% of the duodenal epithelial cells in human intestine. 27 Similarly, although only rare enteroendocrine cells were observed, this is also consistent with their low frequency in vivo. 22 The presence of Paneth cells in the crypt regions is also consistent with their function in that they are known to be important for the maintenance of stem cell niche 23, 28 and secretion of microbial defense molecules such as defensins 29 and lysozyme, primarily in the small intestine (although they can occasionally appear in the colon under disease conditions).
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Thus, although Caco-2 cells were originally isolated from a human colon tumor, [34] [35] [36] [37] we show here that when cultured in a mechanically active microenvironment that mimics that of living intestine, they are able to form all of these different cell types and to produce intestinal villi, as well as biochemical activities and mucus production, that are more reminiscent of small intestine. These results are consistent with a past study that showed Caco-2 cells can form all four types of small intestinal epithelial cells when xenografted in nude mice, even though they could not exhibit similar differentiation when grown under standard (static) culture conditions. 38 While
Caco-2 cells have been observed to express some individual markers of absorptive cells (e.g. sucrase-isomaltase) and goblet cells (e.g. mucin 3) in static culture, they have never been shown to produce mucin 2 or to differentiate into enteroendocrine cells or Paneth cells in vitro in the past. [38] [39] [40] The investigators who observed that Caco-2 cells can differentiate more effectively when grown in vivo suggested that local stromal factors might be the critical for this response. 36 However, our results suggest that local mechanical cues -fluid flow and peristalsislike deformations -are the critical microenvironment cues that drive this more complete intestinal differentiation response. Finally, given that Caco-2 cells are apparently cancer stem cells 38, 41 that retain some intestinal stem-cell like properties, it is not surprising that they lack complete fidelity of control in terms of the efficiency of differentiation. The presence of mucin proteins in the subpopulation of villus cells detected by immunofluorescence staining also was striking because past studies have shown that Caco-2 cells do not produce mucus in conventional (static) cell cultures, 42 and we confirmed that this is also the case when Caco-2 cells are cultured for 3 weeks in Transwell inserts (Fig. S3A , ESI ‡). Importantly, when we measured production of secreted mucus using alcian blue staining, 43 we detected a thick layer of darkly stained mucus over the apical surface of the epithelium that increased approximately 15-fold during the process of progressive intestinal villus morphogenesis analyzed over 12 days in culture ( Fig. 4A and B) . Moreover, the intensity of alcian blue staining of Caco-2 cell cultures in the Gut-on-a-Chip was similar to that produced by HT-29/MTX cells, which are a known mucus-producing cell line (Fig. S3B , ESI ‡). 44 Thus, reconstitution of intestinal histodifferentiation was accompanied by reprogramming of Caco-2 cells to undergo enhanced cytodifferentiation of Goblet-like cells that exhibit physiological mucus production in vitro, which has not been observed previously with standard static culture models. Thus, although Caco-2 cells were originally derived from an intestinal tumor, they retain the ability to form spatially restricted proliferative niches in the basal crypts, and to form progeny that migrate along the crypt-villus axis and differentiate into all four types of intestinal epithelial cells, including mucus-secreting Goblet cells.
Restoration of a gradient of differentiation markers along the crypt-villus axis
In addition to inducing histodifferentiation of intestinal villi containing all 4 types of intestinal epithelial cells, the villus structures formed by Caco-2 cells in the Gut-on-a-Chip reconstitute a gradient of cytodifferentiation along the crypt-villus axis.
Immunofluorescence microscopy revealed that regional markers of intestinal differentiation, including keratin 20 (KRT20), villin (Villin), and carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) displayed stronger fluorescence signals in villus region compared to the crypts ( Fig. 5A and B) . All of these makers exhibit a similar distribution of staining within intestine in vivo. For instance, KRT20 is found in both enterocytes and Goblet cells 45 in villi regions rather than in the crypt regions. 46 Similarly, KRT20 expression was highly localized in Caco-2 villi with minimal expression appearing in the crypts in the Gut-on-aChip. Villin, which is an actin-binding protein found in brush border membrane, 47 appeared to be more highly expressed in villi than in the crypts; however, the level of fluorescence in the crypt region was relatively high than that exhibited by other differentiation markers. This may be explained by the observation that villin is known to be constitutively expressed in the brush border formed by Caco-2 cell even in planar cell cultures, 20 and so what we observe here is likely a relative upregulation of differentiated brush border formation by cells lining the newly formed villi in the Gut-on-a-Chip. CEACAM1 is expressed predominantly in intestinal villi, 46 and the same expression pattern was observed in the undulating villus epithelium formed by the Caco-2 cells under microfluidic culture conditions ( Fig. 5A and B) .
Restoration of intestinal absorptive barrier and metabolic functions
The spontaneous villus differentiation of Caco-2 cells from a starting monolayer within the Gut-on-a-Chip resulted in the projection of the 3D epithelial cell-lined folds into the lumen of upper microfluidic channel. We confirmed that this process was accompanied by approximately a 1.7-fold increase of exposed apical cell surface area in the Caco-2 villi compared to the monolayers of these cells, as determined from quantification of computational 3D reconstructions ( Fig. 6A and B) . More surprisingly, Caco-2 cells in the Gut-on-a-Chip showed a dramatic and progressive increase in the activity of the drugmetabolizing cytochrome P450 3A4 (CYP3A4) enzyme during the first 150 h of culture when villous differentiation first occurred, with levels stabilizing after villi were fully formed (Fig. 7A) . In contrast, Caco-2 cells cultured in a monolayer within a Transwell insert failed to exhibit significant CYP3A4 activity (Fig. 7A) . Increased expression of CYP3A4 enzyme was independently confirmed by immunofluorescence microscopy, which showed increased CYP3A4 activity in the Caco-2 villi compared to the crypt regions ( Fig. 7B and C) . Thus, the physical microenvironment of the Gut-on-a-Chip induced Caco-2 cells to re-express differentiated metabolic functions exhibited by living intestine that are critical for drug metabolism and highly relevant for pharmaceutical testing.
One of the unique features in intestine (particularly small intestine) is the high surface area generated by the tissue folds and finger-like villi (B10 folds). 48, 49 Larger intestinal surface area is tightly associated with the efficiency of molecular transport, 50,51 and we confirmed this phenomenon using a simple glucose uptake assay. Engineered intestinal villi lined by Caco-2 cells in the Gut-on-a-Chip displayed B1.5-fold higher efficiency in the overall glucose uptake rate (q s X) compared to a Caco-2 monolayer cultured in a Transwell insert (Fig. 7D) . However, there was no significant difference in the specific glucose uptake rate (q s ) between two groups when analyzed on an individual cell basis (Fig. 7E) . Thus, the increased surface area of the villi enhances the physiological efficiency of absorption by the intestinal epithelium regardless of the absorptive capability of each cell. One limiting factor that we faced in the current Gut-on-a-Chip device is the height of the microchannel (150 mm) which appears to restrict the maximal vertical growth of villi (o130 mm) and hence, the potential surface area increase (B2-fold) we could obtain within the experimental time frame analyzed (Fig. 6) . However, preliminary studies suggest that the Caco-2 villi can extend up to B400 mm height in a 1 mm high microchannel (data not shown), which might even better mimic the luminal microenvironment of the living intestine.
Implications for digestive biology research and drug development
This study shows that a confluent monolayer of human Caco-2 intestinal epithelial cells can be induced to spontaneously and robustly undergo villus morphogenesis when cultured in the Gut-on-a-Chip that recapitulates the physical microenvironment of the intestine. Despite of the lack of other intestinal organ components (e.g. blood capillaries, lacteals, connective tissues), the villi that generated in the microfluidic chip exhibited normal polarized growth and differentiation, with proliferative cells being restricted to the basal crypts and their progeny migrating upward along the crypt-villus axis. Thus, these other tissues apparently are not required for villus morphogenesis and intestinal epithelial histodifferentiation. Moreover, even though the Caco-2 cells are originally derived from a tumor, they produced all 4 types of intestinal epithelial cells found in living small intestine, including enteroendocrine cells, Paneth cells, and differentiated Goblet cells that secrete large amounts of mucus. The production of a mucus layer in the Gut-on-a-Chip may, in part, explain why it was possible to co-culture the Caco-2 cells with living microbes without compromising epithelial barrier function, as demonstrated previously in this microdevice. 13 Interestingly, the ability of Caco-2 cells to undergo villus morphogenesis has been previously observed by another group; however, they required use of whole decellularized intestinal segments to produce this effect, and full characterization of their structure and function was not carried out. 52 In contrast, the present results show that similar villus differentiation can be generated de novo simply by providing cultured Caco-2 cells with appropriate microenvironmental cues (e.g. microfluidic flow, cyclic mechanical strain), which should enable development of more robust, reproducible and low cost in vitro models without requiring isolation and chemical processing of complex ECM scaffolds from living organs. Importantly, the presence of dynamic flow in our microfluidic system offers the ability to study dynamics of drug and molecular delivery, transport and absorption in ways not possible with existing in vitro systems, which should have great value for drug development applications. Drug metabolism by the intestine is also important for drug bioavailability and drug-drug interactions. [53] [54] [55] [56] Hence, a key requirement of any in vitro intestinal model is the expression of key P450 family enzymes involved in drug metabolism. While the CYP450 3A4 enzyme plays a central role in first-pass metabolism of drugs in human intestine, 57 Caco-2 cells have been thought to lack CYP3A4 activity, 58 which has seriously limited the use of this cell line for pharmaceutical research. 14, 59 Thus, our new finding that CYP3A4 activity can be significantly induced in Caco-2 cells by recapitulating the physical gut microenvironment within the Gut-on-a-Chip microfluidic device and thereby, stimulating villus differentiation may have great value for those involved in drug development and toxicity testing. In summary, these findings provide additional support for the potential value of the Gut-on-a-Chip platform as a powerful in vitro tool for digestive biology research and drug development. The added ability to maintain viable co-cultures of villi lined by human intestinal epithelium and living microbiome 13 should enhance its utility even further given the increasing appreciation for the importance of normal gut microflora contribute for digestion and absorption, 60 as well as disease development. [61] [62] [63] The presence of villi lined by human intestinal cells that continually undergo proliferation, renewal and oriented differentiation also could be used to develop a novel platform for development of digestive disease models (e.g. Crohn's disease, inflammatory bowel disease, gluten sensitiveness, etc.), as well as to study villus degeneration and regeneration in response to drugs, foods and radiation. In this manner, it could provide an alternative to animal models that often fail to predict responses to therapy in human clinical trials.
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Materials and methods
Microdevice fabrication
The microfluidic Gut-on-a-Chip device used in this paper was fabricated by the same method that we reported previously. 13 Briefly, the upper and lower channel layers of the microfluidic device were prepared by demolding cured PDMS (Sylgard, Dow Corning) from a photolithographically microfabricated master mold containing a positive patterned feature made of photoresist (SU-8 100, Microchem, Newton, MA, USA). The ratio of PDMS prepolymer and curing agent was 15 : 1 (w/w). The cell culture microchannel (1 mm wide Â 10 mm long Â 0.15 mm high) and vacuum chambers (1.68 mm Â 9.09 mm Â 0.15 mm) in the upper and lower layers were the same size, and the wall thickness between the center cell microchannel and the vacuum chamber was 100 mm. The porous PDMS membrane was generated by casting PDMS prepolymer (15 : 1, w/w) onto a micropatterned silicon wafer containing post arrays of circular pillars (10 mm diameter Â 20 mm high with 25 mm spacing; MEMS and Nanotechnology Exchange, Reson, VA, USA) and overlaying a pre-silanized PDMS slab with 3 kg weight on the setup. After the whole setup was cured at 60 1C for 24 h, a PDMS membrane attached to the PDMS slab was demolded, then immediately attached to an upper PDMS layer following a corona plasma treatment (BD-20AC, Electro-Technic Products, Inc., Chicago, IL, USA) on the surface of each layer. After the whole setup was incubated at 80 1C overnight to achieve irreversible bonding of the two PDMS layers, the PDMS slab was removed from the setup; then the portions of the porous PDMS membrane located over the lateral vacuum chambers were manually torn off using fine forceps to make full-length hollow vacuum chambers. The exposed bottom surface of the porous membrane-upper layer assembly was treated with corona, aligned under a stereoscope (Zeiss Discovery V20 Stereo Microscope, Carl Zeiss MicroImaging Gmb, Germany) with the surface of the bottom layer that was separately corona-treated, and then incubated 80 1C overnight to produce permanent bonding. Gas-permeable silicone tubing (Tygon 3350, ID 1/32 00 , OD 3/32 00 , Beaverton, MI, USA) with a connector (hub-free stainless steel blunt needle, 18G; Kimble Chase, Vineland, NJ, USA) was inserted into the microchannels to supply cell culture medium and suction. For SEM studies, the microdevice fabrication was slightly modified to detach a porous membrane support containing cells from the upper and lower PDMS layer. A polyester membrane (0.4 mm pore; Corning Inc., Lowell, MA, USA) was used instead of the porous PDMS membrane. After treating the surface of each compartment (upper and lower microchannel layers and polyester membrane) with corona plasma for 3 min each, the upper layer attached with a polyester membrane was aligned with the lower layer and then incubated at 80 1C overnight. To further ensure that there was no fluid leakage, the whole setup was held in place by clamps during the cell culture period.
Cell culture
Human intestinal epithelial Caco-2 cells (Caco-2BBE human colorectal carcinoma line) 65 obtained from the Harvard Digestive Disease Center were grown in Dulbecco's Modified Eagle Medium (DMEM; Gibco, Grand Island, NY, USA) containing 4.5 g L À1 glucose and 25 mM HEPES supplemented with 20% fetal bovine serum (FBS; Gibco), 100 units mL À1 penicillin, and 100 mg mL À1 streptomycin (Gibco). Cells were maintained at 37 1C in a humidified incubator under 5% CO 2 in air. Before cell seeding, a Gut-on-a-Chip microdevice was sterilized by flowing 70% (v/v) ethanol through the channels, drying the entire system in a 60 1C oven, and then immediately exposed it to ultraviolet light and ozone simultaneously (UVO Cleaner 342, Jelight Company Inc., Irvine, CA, USA) for 40 min. After the microchannels were coated with a mixture of type I collagen (50 mg mL À1 ; Gibco) and matrigel (300 mg mL À1 ; BD Biosciences, Bedford, MA, USA) in serum-free DMEM for 2 hours, Caco-2 cells were seeded into the upper microchannel at B1.5 Â 10 5 cells cm À2 and allowed to attach to the ECM-coated PDMS membrane without flow. After allowing the cells to attach for 1 hour, culture medium was then perfused continuously through the upper channel at 30 mL h À1 (fluid shear stress, 0.02 dyne cm
À2
) for the first day of culture to establish an intact monolayer; thereafter, medium was flowed through both the upper and lower channels at the same rate. To apply mechanical View Article Online deformation, vacuum chambers were connected to a vacuum controller (FX5K Tension instrument, Flexcell International Corporation, Hillsborough, NC, USA) and cyclic suction was applied to produce 10% mean cell strain at 0.15 Hz frequency to exert peristalsis-like mechanical strain to cells, as previously described. 13 In static culture controls, Caco-2 cells were seeded (B1.5 Â 10 5 cells cm
) on porous, polyester, Transwell (Corning) membrane inserts (0.33 cm 2 , 0.4 mm pores) that were precoated with the same ECM mixture used in the Gut-on-a-Chip device. Culture medium was refreshed every other day to both the apical and basolateral side of a Transwell chamber for at least three weeks.
Morphological analysis
Phase contrast images were routinely monitored and captured during cell culture using a Moticam 2500 camera (Motic China Group Co., Ltd.) with imaging software (Motic images plus 2.0; Motic China Group Co., Ltd.) on a microscope (Zeiss Axiovert 40CFL). In immunofluorescence microscopy studies, cell morphology was visualized using an inverted laser scanning confocal microscope (Leica SP5 X MP DMI-6000, Germany) equipped with a photomultiplier tube or HyD detectors coupled to a 405 nm diode laser, a white light laser (489-670 nm), and an argon laser (488 and 496 nm). The analysis of recorded confocal images was carried out using Leica imaging software (LAS AF Ver. 2.3.1 build 5194; Leica Microsystems CMS GmbH) or MetaMorph software (Molecular Devices). For computational 3D rendering, Z-stacked fluorescence images were deconvolved (AutoQuant X, Version X3.0.1; Media Cybernetics Inc., Bethesda, MD, USA), then exported to the IMARIS image software (IMARIS x64, Bitplane Scientific Software, South Windsor, CT, USA) to reconstruct the villus structure three-dimensionally.
To provide a visual overview of the entire width of a microdevice, cell images at each region were recorded by an upright microscope (Imager Z2, Zeiss) equipped with a color camera (Q-Imaging, MicroPublisher 5.0 RTV), and then computationally stitched together using MetaMorph image software. For quantitative analysis, images were converted into 32-bit grey scale, and the pixel intensity normalized by the unit area was measured by ImageJ image software after normalizing the background of each image. 66 For SEM analysis, Caco-2 cells cultured in the modified Guton-a-Chip were fixed with 4% PFA for 30 min, and the upper and a lower PDMS pieces were manually removed before serially dehydrating the cells in 100% ethanol and hexamethyldisilazane (Electron Microscopy Science, Hatfield, PA, USA), and then drying them in a desiccator overnight. 67 The resulting samples were mounted on conductive carbon tape, sputtercoated with gold and imaged with a Vega III SEM (Tescan USA, Inc.).
Cell proliferation analysis
To investigate the proliferative cell niche within Caco-2 villi, 5-ethynyl-2 0 -deoxyuridine (EdU; Click-iT EdU Imaging Kit, Molecular Probes, Eugene, OR, USA) was added to cultures to label proliferative cells by incorporating EdU into DNA during active DNA synthesis. 68 Caco-2 cells were grown in the Gut-on-aChip with application of flow and cyclic strain for 4 days to promote villi formation, and then the complete culture medium was replaced with medium containing low serum (5% FBS, v/v) for 12 h prior to the EdU treatment. Complete culture medium containing EdU (10 mM) was perfused through the chip for 2 h at 30 mL h
À1
, and then either fixed in 4% (w/v) paraformaldehyde (PFA; Electron Microscopy Science), permeabilized with 0.3% (v/v) Triton X-100 (Sigma, St. Louis, MO, USA), and incubated with a reaction cocktail for EdU detection followed by nuclei staining with Hoechst 33342 (5 mg mL
) or washed free of EdU and cultured for an additional 5 or 20 h before carrying out fixation and EdU location. EdU-positive cells were visualized and quantitated using laser scanning confocal microscopy and computerized image analysis.
Immunofluorescence microscopy
For immunofluorescence microscopic analysis, cells grown in the Gut-on-a-Chip microdevice were fixed with 4% (w/v) PFA, permeabilized with 0.3% (v/v) Triton X-100, blocked with 2% (w/v) BSA and washed with phosphate buffered saline (PBS, Ca 2+ and Ma 2+ free; Gibco). These fixed specimens were then sequentially incubated with primary antibody dissolved in 2% BSA solution at room temperature for of Phalloidin CF647 (Biotium, Hayward, CA, USA) was applied at room temperature for 30 min to Caco-2 cells that were fixed, permeabilized, and blocked as described above. DyLight 488-conjugated anti-mouse (abcam) and/or DyLight 650-conjugated anti-rabbit IgG secondary antibodies (abcam) were used in these studies. We analyzed at least 3 replicate microdevices in each experiment and recorded images at more than 10 randomly selected sites within each microchannel in our immunofluorescence microscopic studies, and each experiment was repeated at least twice.
Mucus detection
To stain acidic mucopolysaccharides within the intestinal mucus, Caco-2 cells (Fig. 4) View Article Online in 3% acetic acid (Sigma) by flowing the solution into the microchannels at 50 mL h À1 for 12 h, and then washing with PBS. As a negative control, Caco-2 cells cultured in the Transwell for 3 weeks (Fig. S3A , ESI ‡) were fixed with 4% PFA and alcian blue (0.1%, pH 2.5) was incubated on their apical surface for 12 h, before being washed with PBS.
Estimation of intestinal epithelial surface area
The area of the exposed apical surface of the Caco-2 epithelium grown as either a monolayer or a villus cultures was estimated computationally. After Caco-2 cells form villi in a Gut-on-a-Chip device, the villus epithelium was fixed, stained with villin (a brush border marker), and scanned using the Z-stack mode with a confocal scanning microscopy. Z-Stacked fluorescence images were processed for the deconvolution (AutoQuant X, Version X3.0.1), and then rendered three-dimensionally to visualize the artificial surface object based on the Z-stacked image by highlighting the immunofluorophore (i.e. villin) using IMARIS image analysis software (Bitplane Scientific Software). Because the total calculated surface area includes the surfaces exposed in all directions, those oriented in directions other than vertically were subtracted from the total surface area to determine the net total surface area exposed to the lumen of the upper microchannel by the image editor software (Photoshop CS5, Ver. 12.1 x32; Adobe), which is what is reported here. As an additional control, we estimated the exposed luminal surface area of a Caco-2 monolayer cultured only for 2 days in the Guton-a-Chip.
Measurement of glucose uptake
Quantitation of glucose uptake from the medium was evaluated with the Amplex red glucose assay kit (Molecular Probe) using the manufacturer's protocol. Glucose-free medium was flowed through the lower microchannel beneath the porous membrane on which the Caco-2 cells were cultured prior to the experiment, while culture medium containing 4.5 g L
À1
glucose was perfused through the upper channel. The perfusion rate was kept at 30 mL h À1 for 3 hours, and samples used for determination of glucose concentrations were collected every 30 min from the outlets of the upper and lower microchannels. At the end of the experiment, cells were trypsinized, and their numbers were determined using a disposable hemocytometer (C-Chip; Incyto, Korea) in order to calculate the specific glucose uptake rate (q s ) from the overall glucose uptake rate (q s X) divided by the number of cells.
Measurement of basal CYP3A4 activity
The catalytic activity of CYP3A4 expressed by Caco-2 cells cultured in the Gut-on-a-Chip (flow at 30 mL h À1 ; strain at 10%, 0.15 Hz) or in Transwell inserts was quantitated using a P450-Glo CYP3A4 assay kit (Promega, Madison, WI, USA) using the manufacturer's protocol. In brief, cells were incubated in the culture medium with 3 mM luciferin isopropyl acetal (Luciferin-IPA; a luminogenic substrate for CYP3A4) at 37 1C, then the samples (30 mL) were collected from the outlet of the upper channel of the device or from the apical side in a Transwell insert. After collected samples were transferred to the 96-well opaque white luminometer plate (white polystyrene; Costar, Corning Incorporated) at room temperature, 50 mL luciferin detection reagent was added and luminescence was measured after 20 min in a luminometer (SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA); fresh culture medium was used as a blank control. The total amount of cell protein in each sample was assessed by the BCA method (Pierce BCA protein assay kit; Thermo Scientific, Rockford, IL, USA).
Statistical analysis
All results in this paper are reported as mean AE standard error (SEM). For statistical analyses, a one-way analysis of variance (ANOVA) with Tukey-Kramer multiple comparisons test was performed using GraphPad InStat software, version 3.10 (GraphPad Software Inc., San Diego, CA, USA). Differences between groups were considered statistically significant when p o 0.05.
Conclusion
The human Gut-on-a-Chip microdevice enables cultured Caco-2 cells to be exposed continuously to physiological mechanical cues, including fluidic flow and cyclic mechanical strain that mimics peristalsis-like motions, for days to weeks in culture.
Under these conditions, we show here that the cells of this human intestinal epithelial cell line, which were initially isolated from an intestinal tumor, are reprogrammed to undergo spontaneous villus morphogenesis and small intestinal differentiation. This work extends our preliminary characterization of this process 13 by showing that each villus is surrounded by basal proliferative cell crypts that continuously populate the villi with all 4 types of differentiated epithelial cells of small intestine (absorptive, enteroendocrine, Paneth and Goblet cells) in a polarized manner. These studies also revealed that the engineered villi exhibit specialized cell and tissue functions, including elevated mucus production and enhanced CYP3A4 drug metabolizing activity. Although the detailed mechanism of differentiation still remains to be elucidated, these findings help to reemphasize the central role of the physical microenvironment in developmental control. It is also important to note that while there is currently great pressure to shift to primary human cells, embryonic stem cells or inducible pluripotent stem (iPS) cells for development of in vitro human tissue and organ models, our results show that established cell lines that have been assumed to be poorly differentiated might still be useful, if provided with the correct microenvironment. This is important because established cell lines offer great advantages over stem cells and primary cells in terms of their availability, reproducibility, robustness, batch-to-batch variation, and low cost. Finally, it is important to note that the tissue morphology, differentiated cell features and complex functionalities exhibited by Caco-2 cells cultured in our mechanically active, microfluidic device more closely mimic human intestinal functions than when the same cells are cultured in static Transwell chambers, which is currently one of the standard in vitro human intestinal epithelial cell assays used by the pharmaceutical industry. Thus, the human Gut-ona-Chip offers a new and potentially powerful alternative platform for studies on human intestinal physiology, gastrointestinal diseases, toxicology, and drug development.
